Robust fluorescence-based biosensors are emerging as critical tools for high-throughput strain improvement in synthetic biology. Many biosensors are developed in model organisms where sophisticated synthetic biology tools are also well established. However, industrial biochemical production often employs microbes with phenotypes that are advantageous for a target process, and biosensors may fail to directly transition outside the host in which they are developed. In particular, losses in sensitivity and dynamic range of sensing often occur, limiting the application of a biosensor across hosts. Here we demonstrate the optimization of an Escherichia colibased biosensor in a robust microbial strain for the catabolism of aromatic compounds, Pseudomonas putida KT2440, through a generalizable approach of modulating interactions at the protein-DNA interface in the promoter and the protein-protein dimer interface. The high-throughput biosensor optimization approach demonstrated here is readily applicable towards other allosteric regulators.
Introduction
The application of sensor-reporter elements (Dietrich et al., 2010) in whole cell biosensing of small molecules has gained substantial popularity as an approach for functional improvement of enzymes (Harrington et al., 2017; Tang et al., 2013) and metabolic pathways Tang and Cirino, 2011; Yang et al., 2017) , as well as to enhance the efficiency of production strains (Binder et al., 2013; Lehning et al., 2017; Mahr et al., 2015) . In sensor-reporter systems, the output signal from the reporter is proportional to the product titer , which in turn correlates with the conversion efficiency of the enzyme, pathway, or strain. To this end, we previously reported an engineered sensor derived from a protocatechuate (PCA) inducible transcription factor, PcaU from Acinetobacter baylyi ADP1 (Jha et al., 2014) . PcaU is an IclR-type transcription factor and an activator of the operon involved in catabolism of PCA (Kok et al., 1998) . Structurally conserved, tetrameric IclR transcription factors remain bound to the operator both in the presence and absence of the effector molecule and in the presence of effector molecule, the sigma factor is expected to be recruited (Molina-Henares et al., 2006) . The optimized sensor regulates the expression of green fluorescent protein (GFP) as a reporter in Escherichia coli. Using the PcaU-GFP sensor-reporter system, we demonstrated that even a modest dynamic range was sufficient to couple whole cell sensing to the powerful screening efficiency of flow cytometry and select a rare 'strong' phenotype (enzymatic activity) from a large pool of 'weaker' phenotype (Jha et al., 2014) .
For the development of robust industrial strains, model organisms such as E. coli that have well developed synthetic biology tools, including multiple biosensors for molecules of interest, may not be ideal for a given target application. Instead, the use of alternate microbial strains that exhibit beneficial, difficult to transfer phenotypes (e.g., high flux through target pathways, thermal or pH tolerance, etc.) will often enable more efficient and cost-effective process design. However, the deployment of biosensor-based screening in a new host organism may not directly transfer, and any loss of sensitivity and dynamic range can reduce the utility of the biosensor. Pseudomonas putida KT2440 is one such strain that has increasingly been investigated as a potential microbial cell factory for producing target chemicals due to its high toxicity tolerance and high natural flux in aromatic-catabolic pathways (Martínez-García and de Lorenzo, 2017; Nikel et al., 2016) . Given the ability of biosensor-based technologies to make rapid, often non-intuitive changes to microbial production of target compounds and the difficulty in transitioning those to alternate hosts, there remains a key gap in the literature on how to engineer biosensor technologies originally developed in model organisms to strains that may be more T useful for industrial applications, such as P. putida.
PCA, the molecule of interest for which a biosensor was previously developed in E. coli, is an important central intermediate in aromatic catabolism (Fuchs et al., 2011) and siderophore biosynthesis (Fox et al., 2008) as well as a key hub molecule in the conversion of sugars to cis,cis-muconic acid and other shikimate-derived products . Most studies reported to date have targeted conversion of PCA-derived muconic acid to adipic and terephthalic acid (Lu et al., 2016; Niu et al., 2002; Vardon et al., 2015) and other polymer precursors (Rorrer et al., 2016; Suastegui et al., 2016) . By engineering these pathways, PCA has been successfully produced in a diverse set of host organisms ranging from E. coli Koppisch et al., 2012) , to P. putida (Johnson et al., 2016) , and to yeast (Curran et al., 2013; Suastegui et al., 2016; Weber et al., 2012) . Given the ability of P. putida to convert aromatic carbon to value-added chemicals with high flux (Linger et al., 2014; Salvachúa et al., 2015; Vardon et al., 2015) and an interest in establishing this robust microbe as an industrially relevant production strain (Nikel et al., 2016) , transitioning the PCA sensor-reporter system in P. putida was pursued in this study, wherein we demonstrate a generalizable method in promoter and protein engineering to regain sensitivity and dynamic range while transitioning transcription factor-based biosensors between microbes.
Material and methods

Construction of P. putida strains with gene knockouts
Pseudomonas putida KT2440 (ATCC# 47054) knockout variant CJ072 was generated by deleting the genes pcaH and pcaG, which encode the two-subunit protocatechuate 3,4-dioxygenase, from the P. putida KT2440 genome using plasmid pCJ011 and the antibiotic/sucrose method of selection/counter-selection of gene replacement (Blomfield et al., 1991; Marx, 2008) as previously described . Similarly, pobA, encoding the 4-hydroxybenzoate hydroxylase, and a portion of pobR, which encodes the transcription factor that regulates expression of pobA, were deleted from the P. putida KT2440 genome to generate strain CJ182 using plasmid pCJ041. pCJ041 was constructed by amplifying a 1 kb 5′ targeting region with primer pair oCJ292 (5′-AGTGAGCGCAACGCAATTAATGTGAGTTAGC GAACTTTAGTAAAGGCTGGGCTTTCAGTTCATC-3′) and oCJ293 ( 5′-GCGGCCGCGGGCTGCGAGCTACGGG-3′) and a 1 kb 3′ targeting region with primer pair oCJ296 (5′-CCTGACCCGTAGCTCGCAGCCCGCG GCCGCGTGTGGATCAGCCGCCGTC-3') and oCJ297 (5′-CCCTGAGTGC TTGCGGCAGCGTGAAGCTAGGCCCGCTTCGGTAAGGTCG-3') from P. putida KT2440 gDNA and these were assembled using NEBuilder® HiFi DNA Assembly Master Mix (New England Biolabs) according to the manufacturer's instructions into pK18mobsacB (ATCC# 87097) (Kvitko and Collmer, 2011; Schäfer et al., 1994) amplified linearly with primers oCJ288 (5′-CTAGCTTCACGCTGCCGCAAG-3′) and oCJ289 (5′-CTAAC TCACATTAATTGCGTTGCGCTCACTG-3′). These PCR amplifications were performed using Q5® Hot Start High-Fidelity 2X Master Mix (New England Biolabs). The assemblies were transformed into NEB® 5-alpha F'I q competent Escherichia coli (New England Biolabs) according to the manufacturer's instructions. Clones were screened by diagnostic restriction digest and those that were correctly assembled were confirmed using Sanger sequencing performed by GENEWIZ, Inc. Deletion of pobAR from the P. putida KT2440 genome using pCJ041 was confirmed by amplification of a 2094 bp product in diagnostic colony PCR using MyTaq™ HS Red Mix (Bioline) with primers oCJ298 (5′-ACCTTTCATC TGCGGACC-3′) and oCJ299 (5′-ATCTGTGGCACCCACTTG-3′) rather than the 3942 bp product generated when pobA and pobR are present.
Plasmid construction
The sequences of the primers, genes for sensor and reporter and the vector backbone used in this study are provided in Supplementary material (Section 3). Plasmid constructs were generated using broad host range vector, pBTL-2 (Addgene plasmid# 22806) (Lynch and Gill, 2006) as a backbone. The vector backbone was PCR amplified using pBTL-2_Fwd/pBTL-2_Rev primers (Fragment 1). The genetic sequences encoding the transcription factor based sensor, PcaU, along with the regulatory region from the E. coli-specific sensor-reporter system was PCR amplified from a previously constructed plasmid (Jha et al., 2014) using pBTL-2_pcaU_overlap_Fwd/PcaUpromo_sfGFP_overlap_Rev primers (Fragment 2). The genetic sequence of the reporter, superfolder GFP (sfGFP) (Pédelacq et al., 2006) , was generated as a PCR fragment using sfGFP_Fwd/pBTL-2_sfGFP_overlap_Rev primers (Fragment 3). Fragments 1, 2 and 3 were assembled using NEBuilder® HiFi DNA Assembly Master Mix (New England Biolabs) to create a circular plasmid ( Supplementary Fig. S1 ), such that sensor-reporter cassette with intergenic regulatory region was bound by bidirectional soxR and tonB transcription terminators in pBTL-2. The construct was named pBTL2_pcaU_1 (pPcaU1).
Construction of a diversified promoter library
The oligonucleotides used for diversification of the PcaU promoter are provided in the Supplementary material (Section 3). Using pPcaU1 as a template for PCR and wobble containing oligonucleotides PcaU_-promoter_diversify_1 with equimolar mix of PcaU_promoter_di-versify_3a and PcaU_promoter_diversify_3b, DNA fragments were made containing complete randomization of three positions each on the -35 and -10 promoter regions and randomization of one position in the proposed transcription initiation (TI) site. Hence, seven positions with complete randomization gave a library diversity of 4 7 . A deletion between the promoter and the operator was incorporated by the equimolar mix of two oligonucleotides (PcaU_promoter_diversify_3a and PcaU_promoter_diversify_3b) that differed by a single deletion of a base and overlapped with the region between the operator and the promoter. The fragments were assembled using overlap extension PCR (Horton et al., 1990) to generate a promoter library with a theoretical diversity of approximately 33,000.
Homology modeling and determining dimer interface of the PcaU transcription factor
The inducer binding domain (IBD) of PcaU (residues 103-278) was modeled as a symmetric homodimer with a C2 symmetry as described earlier (Jha et al., 2015) . The crystal structure of a putative transcriptional regulator from Rhodococcus sp RHA1 (PDB code 2IA2) showing 36% sequence homology with the PcaU was used as a template for symmetric homology modeling using the Fold-and-Dock protocol in Rosetta (Das et al., 2009 ).
Construction of a PcaU dimer interface library
To perform saturation mutagenesis at two positions (residues 147 and 148) at the putative dimer interface as predicted by symmetric homology modeling, DNA fragments were created using primers pBTL2_pcaU_overlap_Fwd and PcaU_TD_randomize_Fwd with 'NNK' codons corresponding to the two selected positions and primers PcaU_TD_randomize_Rev/pBTL-2_sfGFP_overlap_Rev for rest of the genetic sequence for the sensor and the sfGFP reporter including the intergenic region in the sensor plasmid construct. The sensor plasmid with optimized promoter sequence (pPCAU1.1) was used as a template for PCR. The two DNA fragments along with the pBTL-2 backbone amplified using pBTL-2_Fwd/pBTL-2_Rev primers were assembled using NEBuilder® HiFi DNA Assembly Master Mix (New England Biolabs).
2.6. Transformation of plasmid constructs in P. putida strains P. putida KT2440 strains (native, CJ072, or CJ182) were grown in R.K. Jha et al. Metabolic Engineering Communications 6 (2018) 33-38 10 ml of standard lysogeny broth (LB) rich medium, overnight at 30°C and 225-250 rpm in a shaker, centrifuged, and washed twice with 300 mM sucrose using one-fifth the volume of the original culture and finally resuspended in 300 mM sucrose and glycerol at 20% final concentration at a volume one-twentieth the volume of the original culture. For each transformation reaction, approximately 35 μl of competent cells was mixed with approximately 20 ng of plasmid DNA and electroporated in 1 mm cuvettes at a voltage of 1.6 kV, 25 μF capacitance and 200 ohm resistance using an electroporater (BioRad). Typical time constants of 4.7-5 ms were observed for a successful electroporation. The cells were immediately diluted in 1 ml of rich media [LB or Super Optimal Broth with Catabolite repression (SOC)] and recovered at 30°C and 225-250 rpm in a shaker for 1-2 h. The recovered cells were centrifuged at 5000 rpm for 3 mins using a table-top centrifuge and 900 μl of supernatant was discarded. The pellet was resuspended in the remaining supernatant and plated on an LB agar plate supplemented with 50 μg/ml of kanamycin (Kan 50 ). Usually very high transformation efficiency was observed resulting in a lawn of transformed colonies on 85 mm plates. A small scoop from the lawn was grown and stored as glycerol stocks (for monoclonals) or all the cells in the lawn were scraped, diluted to an optical density at 600 nm (OD 600 ) of~3 in LB media (supplemented with Kan 50 and 20% glycerol) and stored as glycerol stocks (for libraries). The glycerol stocks were stored in a −80°C freezer.
Culture growth, induction and flow cytometry
A small scoop from the glycerol stocks was inoculated in 2 ml LB with Kan 50 and grown overnight at 30°C and 225-250 rpm in a shaker. This 'seed' culture was diluted 100-fold in a fresh growth media and grown for 4-5 h until an OD 600 of~0.6. Approximately 300 μl culture was dispensed in wells in a deepwell 96-well block for growth at different induction conditions. "Uninduced" (UI) cultures were deprived from any exogenous supplementation of an inducer, while "Induced" cultures were supplemented with appropriate concentration of small aromatic molecules under study. Appropriate volumes of stocks of PCA and 4-hydroxybenzoate (dissolved in equimolar sodium hydroxide) and sodium benzoate and catechol (dissolved in water) were added to each well for dose-response evaluation of the sensors. The deepwell block was incubated at 30°C and 1000 rpm in a plate shaker for 16-18 h. Each culture (2 μl) was diluted 100-fold in PBS (phosphate buffer saline) with 1% sucrose and analyzed using LSR II (BD Biosciences), Accuri (BD Biosciences) or FACSAria III (BD Biosciences) at an excitation and emission wavelengths of 488 nm and 530 nm respectively. The average fluorescence intensity of the dense population in gated FSC/ SSC (forward and side scatter determining the size and granularity of cells) scatter plot was noted.
Alternatively, in particular for the libraries, cultures were directly inoculated from the glycerol stocks, grown in 50 ml falcon tubes for 6-7 h to an OD 600 of~0.6 and then distributed in smaller culture tubes and induced with appropriate concentrations of PCA. The culture tubes were incubated at 30°C and 225-250 rpm in a shaker for 16-18 h before diluted 100-fold in PBS with 1% sucrose and analyzed or used for fluorescence-activated cell sorting (FACS) in FACSAria III (BD Biosciences). Post FACS rounds, the cells were grown for~20 h to saturation and then aliquoted and stored as glycerol stocks in a −80°C freezer.
Results and discussion
P. putida KT2440 strains used in the study
Two variants of P. putida KT2440 were utilized in this study. CJ072 had genes encoding the PCA-3,4-dioxygenease (pcaHG) deleted which made it incapable of metabolizing PCA via the native β-ketoadipate pathway, thereby permitting a build-up of PCA in the cell upon endogenous exposure to PCA. CJ182 had genes encoding 4-hydroxybenzoate hydroxylase (pobA) and the regulator (pobR) deleted. This strain is expected to be incapable of metabolizing 4HB and converting it to PCA. These two mutant strains along with the native strain were crucial for experimental evaluation of the PCA biosensor since they constituted a series of strains with variable PCA accumulation efficiency. While native P. putida KT2440 strain catabolized PCA to the downstream molecules in the β-ketoadipate pathway (Harwood and Parales, 1996) , CJ072 accumulated any PCA formed or failed to metabolize PCA that was exogenously supplemented. Finally, CJ182 that had mutations upstream of PCA in the β-ketoadipate pathway, was not expected to make PCA from 4HB, but if PCA provided exogenously, it was capable of catabolizing PCA to the downstream molecules in the β-ketoadipate pathway.
3.2. PCA biosensor design using E. coli adapted sensor-promoter-reporter sequence An E. coli-adapted PCA biosensor (Jha et al., 2014) consisted of genes encoding the PcaU transcription factor (TF) from Acinetobacter baylyi ADP1 (codon-optmized for E. coli) and the sfGFP reporter. The pcaU-sfgfp promoter region in the plasmid contained the native pcaUpcaI intergenic region (from A. baylyi ADP1) but included an E. colicompatible ribosome binding site (RBS). The TF-promoter-reporter cassette from this plasmid construct was assembeled into a broad host range vector, pBTL-2. The new plasmid construct, pPcaU1 (for pBTL2_pcaU_1) ( Supplementary Fig. S1 ) was transformed into P. putida KT2440 strains (native and CJ072) and grown to mid-log phase at 30°C before induction with PCA up to a final concentration of 10 mM and further grown overnight at 30°C. Cell fluorescence measurements using flow cytometry (ex/em 488/530) did not show any signal increase upon induction with PCA ( Supplementary Fig. S2A ).
Strategy for evolution of PCA sensor in P. putida
The PcaU transcription activator, which belongs to an IclR family of transcription factors (Molina-Henares et al., 2006) and is a tetramer (a dimer of dimers), is expected to undergo multiple key interactions with the DNA operator, PCA ligand, and sigma factor of the RNA polymerase for recruitment and transcription. We speculated that manipulating any of these key interactions, along with alteration of the transcription initiation site and RBS, would be capable of increasing the sensitivity and dynamic range of the sensor. Our strategy for evolution of the biosensor was to modulate some of these key interactions for enhancing the response of the biosensor.
3.3.1. Evolution of pcaU-sfgfp intergenic region for PCA response in P. putida
In our earlier work (Jha et al., 2014) , we demonstrated that a transcriptional regulator and the promoter sequence from one host bacterium may require tuning to function in a different host strain. To enable an Acinetobacter pcaU-pcaI intergenic region to operate in E. coli as a pcaU-sfgfp regulatory region, the inclusion of an E. coli-compatible RBS (AAGGAG) was sufficient to achieve an appreciable dynamic range (Jha et al., 2014) . Further optimization of promoter regions (-35/-10 sites), the transcription initiation site (TI), and the distance between the promoter and operator also resulted in enhancement of the dynamic range by 50%. With the aim of optimizing the PCA biosensor for P. putida in a similar way, we created a library from the randomization of three positions each in the -35 and -10 sites (Fig. 1A) and a base in the TI, incorporating a deletion between the PcaU operator and promoter site with a 50% probability. This library was screened in the P. putida strain CJ072 which is expected to be incapable of metabolizing exogenously provided PCA.
Using a FACSAria III flow cytometer (BD Biosciences), four rounds of FACS were performed. After two rounds of sorting of the top 5% of R.K. Jha et al. Metabolic Engineering Communications 6 (2018) 33-38 induced population (grown in 10 mM PCA) based on fluorescence intensity, one round of negative selection (the bottom 50% 'dark' population of culture grown in the absence of PCA, also referred as uninduced or UI culture) was performed to eliminate constitutively active variants. The fourth round of FACS to select the top 1% fluorescent population grown in 10 mM PCA and subsequent plating and evaluation of monoclonal isolates resulted in the identification of a variant that showed a distinct response when dosed with 1 mM PCA ( Supplementary  Fig. S2B ). The isolated variant showed mutations in both -35 and -10 sites along with the intended deletion between the promoter and the operator (Fig. 1A) . The new version of the sensor plasmid was dubbed pPcaU1.1 (for pBTL-2_pcaU_1.1).
Evolution of the PcaU dimer interface for enhanced response switch
Since pPcaU1.1 showed a very low contrast ratio [(Induced fluorescence signal)/(Uninduced fluorescence signal) < 3], further enhancement of both sensitivity and amplitude in a dose-response curve was necessary. To achieve this, the knowledge gained from mutagenesis studies in an expected PobR dimer interface was utilized for PcaU (Jha et al., 2016) . In the previous work, the mutation D139N in PobR resulted in a gain in response amplitude of the transcription factor. The PcaU sequence alignment with PobR showed 55% sequence identity and presented T147 of PcaU as a corresponding amino acid to D139 in PobR (Fig. 1B) . Symmetric homology modeling using Rosetta (Das et al., 2009 ) of PcaU carried out in accordance with our previous work (Jha et al., 2015) also placed T147 at the homodimer interface of the PcaU inducer binding domain and was thus chosen for alteration (Fig. 1C) . Since D148 in PcaU is also at the dimer interface and could be a better representation for D139 in PobR, it was also selected for mutagenesis. Complete randomization of the PcaU sequence positions 147 and 148 using 'NNK' codons that code for all twenty amino acids and a stop codon, yielded a library with a theoretical diversity of > 400. The plasmid library containing the optimized promoter from pPcaU1.1, was transformed in strain CJ072, grown in the absence of any inducer (uninduced), and was subjected to FACS where the bottom 40% of the 'dark' population was selected to eliminate high background and constitutive variants. Subsequently, the sorted population was grown in 0.01-10 mM PCA, and the top 1% of the population based on fluorescence intensity was collected from the 0.01 mM PCA induction, with the aim of selecting a sensitive variant of the sensor. The second round of FACS yielded several monoclonal isolates that showed comparable dynamic range with the E. coli PCA biosensor (Jha et al., 2014) . The most sensitive and responsive variant with T147G/D148Y mutations was named pPcaU1.2 (for pBTL-2_pcaU_1.2), and was able to detect exogenously supplemented PCA at concentrations below 0.003 mM and showed a contrast ratio of over twelvefold ( Fig. 2A, Supplementary Fig.  S2C ). Other variants in the second round of sorting, for example T147S/ D148F or T147P/D148F, did not show any response at sub-millimolar concentrations of PCA but showed a steep gain in response beyond 3 mM exogenous PCA concentration (Supplementary Fig. S3 ).
3.4. Dose-response and inducer specificity test of evolved biosensor in P. putida
Inducer specificity in a biosensor is key to its function and utility. Accordingly, the evolved PCA biosensor was tested against aromatic molecules with similar functional groups, namely benzoate, 4-hydroxybenzoate (4HB), and catechol. Since the tested molecules were relatively smaller than PCA, any rejection of the molecule from the binding pocket due to steric hindrance was unlikely. Cross reactivity between PCA and 4HB in their native transcription factors, PcaU and PobR respectively, was previously shown to be relevant only for PcaU, which revealed visible activation with 4HB while PobR was completely unresponsive to PCA (Jha et al., 2015) . Specificity evaluation of pPcaU1.2 was carried out in CJ072 and another knockout strain, CJ182, which is incapable of metabolizing 4HB. Low but measurable activation of the sensor was observed with benzoate and 4HB (Fig. 2B) , while catechol showed a signal that was an appreciable fraction of PCA response (Fig. 2B) . It is important to note that the intracellular concentration of each molecule in a host organism could differ at the same exogenous concentration of each molecule, and this cannot be evaluated in the current experimental approach. Additionally, as mentioned earlier, wild type P. putida KT2440 is capable of catabolizing a variety of aromatic molecules including PCA, 4HB, benzoate, and catechol, which would result in the underestimation of the concentration dependent sensor activation. In this work, we created P. putida knockout strains CJ182 and CJ072, which are incapable of utilizing 4HB and PCA, respectively, but other molecules (catechol and benzoate) tested in this work would still undergo conversion into downstream products of β-ketoadipate pathway in these strains resulting in reduced actual concentrations of those molecules in the extracellular and intracellular environments.
Intracellular PCA production and sensing
In addition, the pPcaU1.2 sensor plasmid was tested in a dynamic PCA production environment with different strains of P. putida. Depending on the genotype of the strain, 4HB would either accumulate (CJ182),be converted to PCA as an end product (CJ072), or be further metabolized via the β-ketoadipate pathway (native P. putida KT2440) (Fig. 2C ). The response to 4HB feeding in different strains harboring the sensor was consistent with the expected PCA level in the cell. The sensor response was highest in CJ072 (due to PCA accumulation), followed by native (in which PCA is metabolized via the β-ketoadipate pathway) with the lowest response observed in CJ182 (where 4HB is not converted into PCA) (Fig. 2D) . The low response observed in CJ182 R.K. Jha et al. Metabolic Engineering Communications 6 (2018) 33-38 was the result of 4HB cross-reactivity (Fig. 2B ).
Conclusions
Our work demonstrates the optimization of a biosensor for transfer from one organism to an alternate host organism. The PcaU-based sensor was optimized in P. putida KT2440 using FACS, adding P. putida to a small list of microorganisms where FACS has been applied in conjunction with a biosensor (Schallmey et al., 2014) . The optimized sensor responds to both PCA and catechol (with an appreciable contrast ratio), which are the key intermediates in the carbon flow via protocatechuate and catechol branches of β-ketoadipate pathway (Harwood and Parales, 1996) . With only a few examples of established sensorreporter systems in P. putida (Garmendia et al., 2008) , and limited efforts to establish sensor-reporter systems in host organisms beyond E. coli and S. cerevisiae and in non-model organisms (DeLorenzo et al., 2017) , this work demonstrates intracellular production and detection of a key metabolic intermediate in P. putida. Furthermore, the promoter and protein evolution approach to altering the dynamics of protein-DNA and protein-protein interactions that resulted in modulated response of the allosteric regulator is widely applicable to designing suitable biosensors with applications in optimization and regulation of biosynthetic pathways (Dahl et al., 2013; Raman et al., 2014) . Schematic showing the ability of 4-hydroxybenzoate to be metabolized to PCA and beyond depending on the genotype of P. putida strains, namely CJ182 (no conversion to PCA, dotted box), native P. putida KT2440 (conversion to PCA, which is then converted to downstream metabolites, dashed box) and CJ072 (accumulates PCA, solid box). (D) Intracellular accumulation of PCA and sensor response in P. putida strains. Error bars are standard deviations from two independent experiments performed by different researchers on different days. UI (for uninduced cultures) refers to microbial cells grown in the absence of exogenously supplemented 4HB. RFU: Relative Fluorescence Units.
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